Various theories beyond the Standard Model predict new particles with masses in the sub-eV range with very weak couplings to ordinary matter. A P -odd, T -odd, spin-dependent interaction between polarized and unpolarized matter is one such possibility. Such a monopole-dipole interaction can be induced by the exchange of spin-0 particles. The presence of a possible monopoledipole interaction between fermion spins and unpolarized matter would cause an decreased transverse spin relaxation time T 2 for a confined gas of polarized nuclei. By reanalyzing previously existing data on the spin relaxation times of polarized 3 He in gas cells with pressure in the millibar range and applying the well-established theory of spin relaxation for magnetic field gradients to gradients in a possible monopole-dipole field, we present new laboratory constraints on the strength and range of such an interaction. These constraints represent to our knowledge the best limits on such interactions for the neutron with ranges between 0.01 cm and 1 cm.
Introduction
The possible existence of new particles beyond the Standard Model with masses in the sub-eV range and very weak couplings to ordinary matter is starting to attract increased attention.
1 These possible particles are now starting to be referred to in the literature as WISPs (Weakly-Interacting sub-eV Particles).
1,2 A P -odd and T -odd interaction between polarized and unpolarized matter proportional to s · r (spin and distance) is one such possibility. An interaction involving a scalar coupling g s at one vertex and a pseudoscalar coupling g p at the other vertex (sometimes referred to as a monopole-dipole interaction in the literature) can be induced by the exchange of spin-0 particles between two vertexes. The axion is one possible example of such a particle, and many laboratory experiments and astrophysical observations have searched for it.
3
The monopole-dipole interaction potential between nucleon spins and unpolarized matter is given by
where m n is the mass of the nucleon at the polarized vertex, is the reduced Planck constant, σ/2 is the fermion spin, λ = /m a c is the range of the interaction, m a is the mass of axion, andr = r/r is the unit vector between the dipole and the mass. Measurements of the longitudinal relaxation time T 1 of polarized 3 He were recently used to constrain the interaction strength and range of such a possible monopole-dipole interaction coupling to neutrons. 5, 6 The method takes the advantage of the fact that the motion of a polarized species through a possible monopole-dipole field gradient will cause the polarization to decay. In Ref. [5] the author constrained the monopole-dipole interaction by using the depolarization rate of ultracold neutrons (UCN) in a material trap. In Ref. [6] the author employed the longitudinal relaxation time T 1 of polarized 3 He gas at pressures of a few bar to set a constraint on the monopole-dipole interaction strength.
In this work we constrain the strength of a possible monopole-dipole interaction of neutrons by using previous measurements of the transverse spin relaxation time T 2 of polarized 3 He gas at pressures of a few mbar. We find that this is the best constraint to our knowledge in the distance range from 0.01 cm to 1 cm for a monopole-dipole interaction involving neutrons. This constraint could be greatly improved in dedicated experiments.
Spin Relaxation in a Low Pressure Cell
Consider a dipole in a uniform magnetic field B 0 along the z axis and a very large mass block of thickness d at position z. If a monopole-dipole interaction exists, the potential has the form
where N is the nucleon density of the matter. Consider a spherical cell with radius R containing low density polarized gas. The polarized gas in the cell sees both the monopole-dipole field V and the normal magnetic field B 0 . If R ≫ λ, the average variation of the monopole-dipole interaction potential over the whole cell can be written as
Because both the monopole-dipole interaction and the magnetic interaction µ· B are of the form s· rf (r), one would expect an extra contribution to the spin relaxation due to the monopole-dipole interaction. 7 In analogy with a magnetic field gradient, the transverse relaxation rate induced by the monopole-dipole field gradient can be written as
where τ c is the correlation time for the relaxation mechanism under consideration and δω is the interaction energy in the monopole-dipole interaction field. The decrease in the transverse relaxation rate δω by the factor δω τ c due to the motion of the dipole is known as motional narrowing. Using the correlation time for the random motion of polarized atoms in an ideal gas
, where D is diffusion constant, the transverse relaxation rate from the monopole-dipole interaction becomes
The relaxation rates from independent processes add, yielding a total rate 1/T 2 giving by
where we list the dominant sources: wall collision (1/T
2 ), inhomogeneity of the external magnetic field (1/T (∂B) 2 ), relaxation related to the dipoledipole interaction (1/T (dd) 2 ), and inhomogeneity of the monopole-dipole field (1/T ′ 2 ). By assuming that the difference between the measured T 2 and that calculated from theory is due to the monopole-dipole interaction, one can set a limit on g s g p using
3. Monopole-dipole interaction coupling constant constraints on the neutron from previously existing measurements of T 2 spin relaxation measurements of 3 He
We now use these relations to set limits on the monopole-dipole interaction on the neutron spins in polarized 3 He. In Ref. [9] , T 2 measurements are reported for a spherical aluminosilicate glass cell of radius R = 3 cm filled with 3 He to a pressure of 4. . Assuming a cell wall thickness of 1.5 mm, typical for glass cells used in magnetometry work of this type, from the relations above the limit on a monopole-dipole interaction involving the neutron is
In Ref. [7] , a 13.1 mbar, 4.96-cm-diameter spherical cell was used to study transverse spin relaxation times for polarized 3 He in measured magnetic field gradients. The diffusion constant of 3 He in the cell is D = 0.0137 m 2 /s. They measured T 2 in a nonmagnetic building with low magnetic field gradients to be 14.86 h. Assuming the cell wall nucleon density was 1.3×10 30 m −3 and the wall thickness is 2 mm, the constraint on the monopole-dipole interaction strength is
which is very close to the constraint above. Finally, we note that there are unpublished reports of even longer T 2 (140 h) for polarized 3 He gas in glass cells. 10 Unfortunately the pressure and the wall material information are not shown in the reports, hence we do not use these results to set a limit.
From measurements and theoretical calculations, 11 it is known that the polarization of the 3 He nucleus is dominated by the neutron polarization, with only a small contribution from orbital motion and other effects. Therefore these limits are to a good approximation interpretable simply as constraints on a neutron monopole-dipole interaction. With the inclusion of constraints from T 2 measurements in other nuclei, such as 129 Xe, it would be possible to place separate constraints on the monopole-dipole interactions of neutrons and protons. This work is in progress.
Summary
In this work we present constraints on the strength and range of a possible monopole-dipole interaction involving the neutron. These new laboratory limits, set by reanalysis of previous measurements of the transverse spin relaxation time T 2 in polarized 3 He cells, are the best in existence for the neutron to our knowledge in the range 0.01 cm to 1 cm. Constraints on the monopole-dipole interaction using this method can be significantly improved in dedicated experiments. This work was supported in part by the National Science Foundation under award PHY-0116146.
